Introduction
============

The accumulation of protein aggregates in various organs is the pathognomonic feature of several human diseases and great effort has been devoted to unravel the association between protein deposition and pathogenesis.\[[@b1]\] In the aggregated structures, the protein polypeptide chain is arranged in a highly regular manner\[[@b2], [@b3]\] and small hydrophobic ligands with an affinity for this structural regularity have been developed.\[[@b4]\] For many years, congo red and thioflavin T (ThT) have been the standard choices for detection of protein aggregates, or amyloid, and their structures have been subjected to various modifications to enhance their performance as amyloid ligands.\[[@b4]--[@b6]\] However, these conventional dyes cannot be used to distinguish and study different morphotypes of protein aggregates, a phenomenon reported for an increasing number of proteins associated with neurodegenerative diseases.\[[@b7]--[@b12]\]

The prion protein is a classic example of how an identical primary sequence of amino acids can misfold into distinct aggregate morphotypes, which gives rise to specific prion strains.\[[@b13]\] Similar polymorphism has also been suggested for the β-amyloid (Aβ) peptide, one of the histopathological hallmarks of Alzheimer's disease (AD), because variations in Aβ aggregate morphology can be seen in both AD patients\[[@b14]\] and in AD transgenic-mouse models.\[[@b15]\] Seeding experiments in vitro\[[@b16]\] and in mice\[[@b15]\] have shown that the structure of the seed used is self-propagated to the newly formed fibrils, and it was recently demonstrated that seeding with Aβ aggregates extracted from two AD patients with distinct clinical history and pathology resulted in fibrils with two different structures.\[[@b17]\] In addition, a conformational variation of α-synuclein aggregates in patients with Parkinson's disease (PD)\[[@b12]\] and the presence of distinct aggregated tau conformers in human tauopathies\[[@b11], [@b18]\] have been suggested. Hence, the existence of distinct aggregate morphotypes has been suggested to explain the heterogeneous phenotype reported for several neurodegenerative protein-aggregation diseases, and the development of molecular probes able to detect and distinguish heterogenic protein deposits is highly important.

Luminescent conjugated oligo- and polythiophenes (LCOs and LCPs) are optical amyloid ligands that have been utilized for spectral discrimination between polymorphic protein aggregates.\[[@b19]\] Distinct conformational restrictions of the conjugated thiophene backbone result in different colors being emitted from the probe and this conformationally induced optical phenomenon has been utilized to discriminate prion-strain-specific protein aggregates,\[[@b20], [@b21]\] protein deposits found in different types of systemic amyloidosis,\[[@b22]\] and polymorphic Aβ aggregates.\[[@b23], [@b24]\] Recently, it was also shown that a combination of LCOs can be used to monitor age-related structural rearrangements of Aβ deposits in transgenic mice.\[[@b25]\]

LCOs with distinct chemical compositions can also be employed for spectral separation of Aβ and tau aggregates, the two major histopathological hallmarks of AD.\[[@b26]--[@b29]\] In human brain tissue samples with AD pathology, the anionic tetrameric LCO HS-68 (Figure [1 A](#fig01){ref-type="fig"}) was reported to demonstrate a wide distribution in emission spectra within the populations of Aβ deposits and tau aggregates.\[[@b29]\] Herein, HS-68 was applied to brain-tissue sections from transgenic mice with Aβ or tau pathology and the variation in the emission profiles from HS-68 could be assigned to age-dependent polymorphism of the Aβ deposits and tau aggregates. In addition, subtle changes to the chemical composition of HS-68 were shown to reduce or eliminate its capacity for spectral identification of the distinct aggregate morphologies of Aβ and tau. Thus, these findings might aid the chemical design of optimal ligands for recognizing and studying different morphotypes of protein aggregates.

![Chemical structure, fluorescence images, and emission analysis of HS-68 upon binding to Aβ deposits. A) The chemical structure of the sodium salt HS-68. B) Fluorescence images of Aβ deposits in frozen brain sections from APPPS1 mice sacrificed at 148 or 531 d labeled with HS-68. The sections were fixed with ethanol before staining with HS-68 (3 μ[m)]{.smallcaps} in phosphate-buffered saline at pH 7.4. The probe displays a blueshift in color for old versus young mice. Scale bar=20 μm. C) Fluorescence images showing colabeling of an anti-Aβ antibody (6E10) and HS-68 in acetone-fixed frozen brain sections from one young (top) and one old (bottom) APPPS1 mouse. Scale bar=20 μm. D) Plot of the ratio of the fluorescence intensity at *λ*=485 and 573 nm in the HS-68 emission spectra (excited at *λ*=405 nm) collected from the central core of Aβ deposits in ethanol-fixed frozen brain sections from APPPS1 mice (left). As the mice ages the ratio increases, which confirms the blueshift in HS-68 emission upon aging. The group mean and standard error of the mean are indicated. Data were analyzed by one-way analysis of variance followed by Tukey's multicomparison post hoc test. \*\*\*\*=p\<0.0001, n.s.=non-significant. In the spectral graph, representative emission spectra of HS-68 bound to an Aβ plaque in APPPS1 mice sacrificed at 148, 392, or 573 d. Dashed lines (- - - -) indicate selected emission wavelengths when generating the ratio plot.](chem0021-9072-f1){#fig01}

Results and Discussion
======================

Age-dependent emission profiles of HS-68
----------------------------------------

HS-68 (Figure [1 A](#fig01){ref-type="fig"}) was reported to display a broad variation in emission spectra when bound to Aβ deposits, as well as to tau aggregates, in human AD brain-tissue sections,\[[@b29]\] therefore the probe was applied to brain-tissue sections from transgenic mice with Aβ (APPPS1 mice) or tau (P301S tau mice) pathology. Cohorts of transgenic mice with a broad age span were analyzed, since age-related differences for Aβ deposits and morphological variants of tau aggregates have been reported for these mouse models.\[[@b25], [@b30]\] In APPPS1 mice, HS-68 strongly labeled the Aβ deposits and different types of aggregates could be distinguished, both by their morphological appearance\[[@b31]\] and by distinct HS-68 fluorescence. For small and dense deposits, mainly found in young animals, HS-68 staining resulted in a yellowish color from the compact core and a red color from the fibrilar tentacles protruding from the center (Figure [1 B](#fig01){ref-type="fig"}; Supporting Information, [Figure S1](#SD1){ref-type="supplementary-material"}). In older mice the plaques were larger and HS-68 emission was markedly blueshifted when binding to the cores and the surrounding diffuse amyloid structures, rendering green-colored deposits (Figure [1 B](#fig01){ref-type="fig"}). Colocalization between HS-68 and an antibody against Aβ confirmed that HS-68 positive deposits in both young and old animals were composed of Aβ (Figure [1 C](#fig01){ref-type="fig"}). Spectral analysis of the compact core of Aβ aggregates in mice sacrificed at different ages verified the variation in HS-68 emission characteristics as the mice aged (Figure [1 D](#fig01){ref-type="fig"}; Supporting Information, [Figure S1](#SD1){ref-type="supplementary-material"}). Representative spectra for deposits in mice sacrificed at 148, 392, or 573 d all displayed emission peaks at *λ*=511 nm, but with additional pronounced shoulders at *λ*≈570 nm for the youngest mice and *λ*≈485 nm for the oldest mice, which confirmed red- and blueshifted HS-68 emission characteristics, respectively (Figure [1 D](#fig01){ref-type="fig"}). By plotting the ratio of the fluorescence intensity at *λ*=485 and 573 nm as an indicator for the HS-68 emission profile, it was clearly shown that young mice mostly displayed Aβ aggregates with a redshifted HS-68 spectrum, whereas a broader distribution of the HS-68 spectra was observed for older mice (\>392 d; Figure [1 D](#fig01){ref-type="fig"}). In addition, the aggregated Aβ morphotype, which had a blueshifted HS-68 spectra with a prominent emission at *λ*=485 nm, was only present in older mice.

In brain tissue from P301S tau mice, HS-68 staining also revealed aggregates with distinct morphologies and different emission profiles. In mice sacrificed at two months, the assemblies were loosely packed, often granular in appearance, and displayed a yellow-red color after HS-68 staining (Figure [2 A](#fig02){ref-type="fig"}). This type of aggregate was observed already in one-month-old mice, but in very low numbers. In older mice, a second type of aggregate emerged, which had a dense and homogenously stained morphology. Labeling of these structures with HS-68 resulted in a green color, whereas coexisting aggregates of the first type, which were much fewer in number, continued to emit redshifted light (Figure [2 A](#fig02){ref-type="fig"}). As demonstrated by colocalization with the AT8 antibody, both types of morphologies were composed of hyperphosphorylated tau (Figure [2 B](#fig02){ref-type="fig"}). Representative emission spectra of HS-68 binding to tau assemblies in mice sacrificed at two, four, or six months confirmed the age-dependent spectral variation (Figure [2 C](#fig02){ref-type="fig"}; Supporting Information, [Figure S1](#SD1){ref-type="supplementary-material"}). Pronounced peaks or shoulders were seen at *λ*=485, 520, 529, and 573 nm to varying degrees. The disappearance of the distinct shoulder at *λ*=573 nm and the appearance of the peak at *λ*=485 nm confirmed that the HS-68 emission profile obtained from aggregated tau morphotypes in older mice was blueshifted. The ratio of the emission intensity at *λ*=485 and 573 nm for HS-68 positive tau aggregates also demonstrated an increased value for older mice (Figure [2 C](#fig02){ref-type="fig"}). The marked difference in the ratio between the three- and four-month-old mice indicated that the blueshifted homogenous aggregated tau morphotypes emerged in this period.

![Fluorescence images and emission signal analysis of HS-68 when binding to tau aggregates. A) Fluorescence images of tau aggregates in frozen brain sections from homozygous P301S tau mice stained with HS-68. The mice were sacrificed aged two- or six months and the brain sections were fixed with ethanol before staining with HS-68 (3 μ[m]{.smallcaps}) in phosphate-buffered saline (pH 7.4). HS-68 labeling revealed two types of aggregates; an early-formed aggregate with redshifted fluorescence (top) and a later-formed aggregate with blueshifted fluorescence (bottom). Scale bars=20 μm. B) Fluorescence images of tau aggregates in two- (top) or six-month-old (bottom) P301S mice co-stained with HS-68 and AT8 tau antibody. The frozen brain sections were fixed with acetone before staining. Colabeling of the antibody and HS-68 confirmed that both types of HS-68 positive aggregates were composed of tau. Scale bars=20 μm. c) Plot of the ratio of the fluorescence intensity at *λ*=485 and 573 nm in HS-68 emission spectra (excited at *λ*=405 nm) when binding to tau aggregates in ethanol-fixed frozen brain sections from P301S mice. The group mean and standard error of the mean are indicated. Statistical analysis was performed by one-way analysis of variance followed by Tukey's multicomparison post hoc test. \*\*\*\*=*p*\<0.0001. The spectral graph illustrates representative emission spectra of HS-68 bound to aggregated tau in P301S mice sacrificed aged two-, four-, or six months. Dashed lines (- - - -) indicate the wavelengths selected to generate the ratio plot.](chem0021-9072-f2){#fig02}

From a biological perspective, the transitions of HS-68 emission profiles for both Aβ and tau aggregates could be assigned to a distinct age of the mice. For the APPPS1 mouse model it has previously been shown that the formation of new Aβ deposits is most prominent in young mice, whereas from approximately eight months of age the formation of new deposits was drastically reduced and mostly existing plaques appeared to grow.\[[@b32]\] In addition, the combination of two LCOs, tetramer formyl thiophene acetic acid (q-FTAA) and heptamer formyl thiophene acetic acid (h-FTAA), with separate emission profiles was recently employed to study the age-dependent conformational rearrangement of Aβ deposits.\[[@b25]\] Our results show that the blueshift of HS-68 becomes substantial around the age at which mature amyloid species were detected by q-FTAA.\[[@b25]\] Thus, the spectral transition of HS-68 when interacting with distinct Aβ deposits appears to reflect age-dependent conformational rearrangement within the Aβ aggregates. For P301S tau aggregates, the change in the HS-68 emission profiles as the mice aged was even more evident, and the effect appeared to be caused by the formation of two types of aggregates. A variation of the aggregate type was also described in the original report for this mouse model, in which antibody labeling of tau in five- or six-month-old mice was defined as either homogenous or granular with the appearance of circumscribed inclusions.\[[@b30]\] Herein, HS-68 staining revealed that homogenous aggregates emerged at four months of age, whereas the granular- or inclusion-like structures could be seen already in one-month old mice. Interestingly, the P301S tau mice developed severe disease symptoms at five-to-six months of age, suggesting that the homogenous aggregate type with a blueshifted HS-68 emission profile might be associated with the observed neurodegeneration.\[[@b30]\]

Optical properties of HS-68 in different buffer solution
--------------------------------------------------------

To elucidate the observed spectral transitions of HS-68 upon interaction with Aβ- or tau aggregates, we next evaluated the conformationally induced photophysical properties of HS-68. It has previously been reported that changes in solvent conditions can alter the optical behavior of LCPs\[[@b33]\] and LCOs,\[[@b34]\] therefore absorption-, emission-, and excitation spectra were recorded for HS-68 in different buffer solutions ranging from pH 3.5 to pH 7 (Figure [3](#fig03){ref-type="fig"}; Supporting Information, [Figure S2](#SD1){ref-type="supplementary-material"} A). The absorption maximum was blueshifted from *λ*=400 (pH 7) to 379 nm (pH 3.5), which indicated a planar-to-nonplanar transition of the thiophene backbone\[[@b35], [@b36]\] with decreasing pH. In addition, lowering the pH also induced an additional shoulder around *λ*=450 nm in the spectrum (Figure [3 A](#fig03){ref-type="fig"}), which was previously assigned to π--π stacking of adjacent thiophene chains.\[[@b37]\]

![The pH effect on HS-68 photophysical properties. A) Absorbance spectra of HS-68 (30 μ[m]{.smallcaps} dilution) in buffer (pH values indicated). The blueshifted absorbance and the emergence of a redshifted shoulder at low pH values indicate the formation of distinct types of HS-68 assemblies. B) Emission spectra of HS-68 (30 μ[m]{.smallcaps} dilution) in buffer (pH values shown in part A). By exciting the probe at *λ*=375 (left) or 450 nm (right) the emission spectra at low pH values were dominated by either blue- or redshifted HS-68 assemblies with peaks corresponding well to the those obtained for HS-68 bound to early- or late-formed Aβ- or tau aggregates.](chem0021-9072-f3){#fig03}

Excitation of HS-68 at *λ*=375 nm, a wavelength that corresponded to the observed absorption maximum at acidic pH, resulted in a shift of the main emission peak from *λ*=510 to 476 nm on going from neutral to acidic pH (Figure [3 B](#fig03){ref-type="fig"}, left). In contrast, when an excitation wavelength equivalent to the observed shoulder in the absorption spectrum (*λ*=450 nm) was used, the emission peak was gradually redshifted from *λ*=510 (pH 7) to 570 nm (pH 3.5) (Figure [3 B](#fig03){ref-type="fig"}, right). Thus, by changing the pH and thereby the charge of the acetic acid (p*K*~a~=4.4) and carboxylic acid (p*K*~a~=3.5) substituents, the emission peaks observed for HS-68 bound to Aβ- or tau aggregates could be largely mimicked. Emission maxima corresponding to the emission peaks at *λ*=511 (Aβ aggregates) and 520 nm (tau aggregates) were obtained for HS-68 with deprotonated side chains (pH 7.0), whereas the additional emission peaks at *λ*=485 and 573 nm, observed from HS-68 bound to different aggregated morphotypes of Aβ and tau, were obtained when the anionic side chains were mostly protonated (pH 3.5). These emission maxima could also be assigned to specific excitation profiles of the dye (Supporting Information, [Figure S2](#SD1){ref-type="supplementary-material"} A), which verified that the emission at these wavelengths was related to specific optical transitions induced by conformational alterations of the conjugated thiophene backbone or π--π stacking arrangements between adjacent thiophene chains.

Overall, the photophysical characterization of HS-68 verified that alteration of the charge of the anionic side chains induced distinct backbone conformations and π--π stacking between adjacent thiophene chains. In addition, the predominant emission peaks observed from HS-68 bound to the aggregated Aβ- or tau morphotypes in tissue sections could be recreated in solution. The HS-68 emission peaks at *λ*=485 and 573 nm, associated with the dominating aggregated species in old and young mice, respectively, could be obtained by protonation of the anionic side chains. Thus, the intra- and intermolecular interactions occurring along the thiophene backbone or between adjacent thiophene chains at acidic pH, rendered photophysical transitions similar to those obtained from the dye bound to the age-related aggregated species and the two emission peaks at *λ*=485 and 573 nm were also assigned to distinct conformational transitions of the conjugated thiophene backbone or π--π stacking between adjacent thiophene chains. The molecular interactions between HS-68 molecules in solution are most likely different to the molecular interplay between HS-68 and the protein aggregates. However, the optical characterization of HS-68 suggested that the molecular interplay between anionic groups of adjacent thiophene chains influenced the conformationally induced optical properties of the dye, which indicates that electrostatic interactions between the carboxyl groups of HS-68 and positively charged amino acids of the protein aggregates might induce similar optical transitions of the conjugated thiophene backbone.

Synthesis and optical characterization of HS-68 analogues
---------------------------------------------------------

To further investigate the correlation between the anionic substituents and the optical behavior of the tetrameric thiophene backbone, four chemically related analogues of HS-68 were synthesized (Figure [4 A](#fig04){ref-type="fig"}). Relocating the sodium acetate substituent of the second thiophene ring to the other β position or replacing the terminal carboxylate groups with sodium acetate moieties resulted in HS-145 and HS-149, respectively. Adding sodium acetate substituents to positions three or four of the third thiophene unit resulted in HS-129 and HS-136, respectively. The new LCOs were synthesized in a similar fashion to previously reported LCOs (Supporting Information, [Schemes S1--S3](#SD1){ref-type="supplementary-material"}).\[[@b26], [@b28], [@b29], [@b34]\] After synthesis and purification, the pH-dependent optical changes of the dyes were assessed as described above.

![Chemical structures and pH-dependent photophysical properties of HS-68 analogues. A) The sodium salt of HS-68 and its analogues HS-145, HS-149, HS-129, and HS-136. B) Absorbance spectra of the HS-68 analogues (30 μ[m]{.smallcaps} dilution) in pH 3.5 (blue) or pH 7 (magenta) buffer. The pH effect on HS-145 absorbance properties is similar to what was observed with HS-68, which indicates that this structure also forms distinct types of assemblies at pH 3.5. An analogous pattern of pH-induced wavelength shifts is seen with HS-149, but not as pronounced as with HS-68 and HS-145. The absorbance properties of HS-136 appear to be pH independent, whereas its structural analogue HS-129 displays a spectral redshift with decreasing pH. C) Emission spectra of the HS-68 analogues (30 μ[m]{.smallcaps} dilution) in pH 3.5 (blue) or pH 7 buffer (magenta), excited at *λ*=375 (- - - -) or 450 nm (---). By choosing the optimal excitation wavelength it is possible to distinguish blue- and redshifted HS-145 assemblies at pH 3.5, similar to the observations with HS-68, whereas the photophysical properties of HS-149 seem to be pH independent. The emission spectra of HS-129 and, to some extent HS-136, indicate the formation of redshifted assemblies at low pH, but none of the probes demonstrate any blueshift.](chem0021-9072-f4){#fig04}

At pH 7, HS-129, HS-145, and HS-149 displayed a similar absorption maximum (*λ*≈400 nm) to HS-68 (Figure [4 B](#fig04){ref-type="fig"}). For HS-136, the absorption maximum was blueshifted to *λ*=375 nm, which indicated that HS-136 adopts a less-planar conformation than the other LCOs. In addition, HS-136 lacked the pH-induced shift of the absorption maximum, whereas HS-145 and HS-149 demonstrated a similar pH-dependent blueshift of the absorption maximum, as well as an additional shoulder in the spectrum (*λ*≈450 nm), both changes that were noted for HS-68. However, the shoulder at longer wavelengths was less pronounced for HS-149. In contrast to the other HS-68 analogues, HS-129 showed a redshifted absorption maximum with decreasing pH (Figure [4 B](#fig04){ref-type="fig"}).

In emission mode, only HS-145 (Figure [4 C](#fig04){ref-type="fig"}; Supporting Information, Figure S3) displayed spectral transitions that resembled the fluorescent properties of HS-68 (Figure [3](#fig03){ref-type="fig"}). Excitation of HS-145 at *λ*=375 nm showed a pH-dependent blueshift of the emission maximum at *λ*=510 nm (pH 7) to *λ*=482 nm (pH 3.5), similar to the behavior of HS-68. In addition, excitation of HS-145 at *λ*=450 nm displayed a pronounced pH-dependent redshift of the peak at *λ*=510 nm (pH 7) to *λ*=571 nm (pH 3.5). HS-149 showed the same emission maximum (*λ*=497 nm) for both excitation wavelengths and all tested pH values (Figure [4 C](#fig04){ref-type="fig"}). At pH 3.5, minor shoulders at shorter or longer wavelengths were also observed, depending on the excitation wavelength. Similarly to HS-68 and HS-145, HS-129 demonstrated a pH-dependent redshift of the emission maximum at *λ*=512 nm (pH 7) to *λ*=560 nm (pH 3.5) when excited at *λ*=450 nm (Figure [4 C](#fig04){ref-type="fig"}). However, excitation at *λ*=375 nm also yielded a redshifted emission maximum. HS-136 only displayed a minor pH-dependent redshift of the emission maximum when excited at *λ*=450 nm (Figure [4 C](#fig04){ref-type="fig"}). Recording the excitation maximum with the emission fixed at the respective maxima (*λ*=510 or 575 nm) also confirmed that HS-145 was the only analogue to display similar transitions to HS-68 (Supporting Information, [Figure S2](#SD1){ref-type="supplementary-material"}). Overall, the results obtained from the optical characterization of the HS-68 analogues verified that minor alterations of the spacing between the anionic groups along the tetrameric thiophene backbone highly influenced the pH-dependent optical characteristics of the dyes.

HS-68 analogues for spectral assignment of aggregated morphotypes
-----------------------------------------------------------------

The distance between the carboxyl groups along the tetrameric thiophene backbone influenced the pH-induced optical properties of the tetrameric LCOs, therefore we next investigated the emission spectra of HS-68 analogues bound to morphotypes of Aβ- or tau aggregates in tissue sections. As reference samples, sections from one young (148 d) and one old (531 d) APPPS1 mouse, as well as three young (two to three months) and three old (six months) P301S tau mice were selected. The statistical analysis of the HS-68 emission profiles when bound to the Aβ- and tau aggregates in these references samples are shown in Table [1](#tbl1){ref-type="table"}. It was evident from the differences in the group mean values that HS-68 could be utilized for spectral separation of age-related aggregated Aβ- and tau morphotypes in these samples.

###### 

Statistical analysis^\[a\]^ of the spectral difference between aggregated Aβ and tau morphotypes

  LCO^\[b\]^   Aβ               Tau                       
  ------------ ---------------- -------- ---------------- --------
  HS-68        −0.6330±0.0126   0.9207   −1.0060±0.0530   0.5842
  HS-145       −0.0437±0.0130   0.0640   0.0204±0.0147    0.0068
  HS-149       −0.2674±0.0420   0.1899   0.3403±0.0289    0.3371
  HS-129       −0.3810±0.0194   0.7466   N.D.^\[c\]^      N.D.
  HS-136       0.0272±0.0043    0.2695   0.0977±0.0133    0.2331

\[a\] Unpaired t-test with Welch's correction. \[b\] For structures see Figure [4A](#fig04){ref-type="fig"}. \[c\] Not determined.

All HS-68 analogues demonstrated specific binding to immunopositive Aβ aggregates (Figure [5](#fig05){ref-type="fig"}). The response of HS-145 and HS-149 closely resembled that of HS-68 and showed strong staining of the central parts of the deposits, as well as the surrounding diffuse amyloid (Figure [5 A, B](#fig05){ref-type="fig"}). In contrast, for the majority of plaques, HS-129 and HS-136 only labeled the compact cores (Figure [5 C, D](#fig05){ref-type="fig"}). In the old P301S tau mice, all probes labeled the aggregates and showed colocalization with the AT8 tau antibody (Figure [5](#fig05){ref-type="fig"}). However, staining with HS-129 and HS-136 was weak, and in the two-month-old mice it was very difficult to detect any HS-129 positive tau aggregates, which made it impossible to collect spectra for analysis (Figure [5 C](#fig05){ref-type="fig"}, Table [1](#tbl1){ref-type="table"}).

![Spectral analyses and fluorescence images of HS-68 analogues bound to Aβ- deposits and aggregated tau. Frozen brain sections from APPPS1 or P301S tau mice sacrificed at the indicated ages were fixed with acetone for LCO and Aβ/phosphorylated tau (p-tau) antibody double-staining experiments (left) and with ethanol for LCO spectral evaluation (right). The ratio plots are calculated from the emission intensity at the specified wavelengths for each LCO when binding to Aβ or tau. The mean and standard error of the mean are indicated and statistical analysis was performed by using the unpaired t-test. \*\*\*\*=*p*\<0.0001, \*\*\*=*p*\<0.005, n.s.=non-significant. Scale bars=20 μm. Arrowheads indicate auto-fluorescence. A) HS-145 shows high-intensity labeling of the aggregates, similar to HS-68, but is the least-efficient probe for achieving age-related spectral separation of Aβ and tau. B) HS-149 labeling of Aβ and tau is strong. The emission signatures vary and the age-dependent spectral difference is pronounced, but with opposite shifts compared to HS-68. C) HS-129 shows weak labeling of Aβ- and tau aggregates, particularly in young P301S tau mice, which prevented spectral analysis. The probe displays a relatively large variation in Aβ spectral signatures and the difference between young and old mice is significant, although not as pronounced as with HS-68. D) HS-136 labeling is weak, but can be used to detect Aβ- or tau aggregates in both young and old animals. It shows less spectral separation and an opposite shift compared with HS-68.](chem0021-9072-f5){#fig05}

When binding to aggregated Aβ or tau in the old mice, the emission of HS-145 occurred at similar wavelengths to the emission of HS-68, but the age-dependent transitions of the spectrum were almost abolished (Supporting Information, [Figure S4](#SD1){ref-type="supplementary-material"} A). When analyzing the fluorescence intensity ratio at *λ*=485 and 564 nm for Aβ aggregates stained with HS-145, the difference between the mean values for the young and old APPS1 mice was considerably reduced compared to HS-68, although still significantly different (Figure [5 A](#fig05){ref-type="fig"}, Table [1](#tbl1){ref-type="table"}). In addition, the *R*^2^ value from the unpaired t-test was 0.064 for HS-145, which meant that only 6 % of all the variation among the obtained values could be ascribed to differences between the mean values of the two groups. Statistical analysis of tau aggregates stained with HS-145 in the young and old P301S mice showed that the two groups were not significantly different (Figure [5 A](#fig05){ref-type="fig"}, Table [1](#tbl1){ref-type="table"}). HS-149 demonstrated a significant spectral difference between the Aβ aggregates in the young and old APPPS1 mice (Figure [5 B](#fig05){ref-type="fig"}, Table [1](#tbl1){ref-type="table"}). Similar to the results obtained for HS-68, a pronounced shoulder around *λ*=570 nm was observed in the emission from HS-149 when bound to Aβ aggregates in the young APPPS1 mouse (Supporting Information, [Figure S4](#SD1){ref-type="supplementary-material"} B). However, the difference between the mean values, as well as the *R*^2^ value, for the two cohorts of aggregates was lower than for HS-68 (Figure [5 B](#fig05){ref-type="fig"}, Table [1](#tbl1){ref-type="table"}). A significant difference was also observed for the two groups of tau aggregates stained with HS-149 (Table [1](#tbl1){ref-type="table"}) but, in contrast to HS-68, the tau aggregates in the older mice displayed more-redshifted spectra compared with the spectra obtained from tau deposits in the younger mice (Supporting Information, [Figure S4](#SD1){ref-type="supplementary-material"} B).

The additional sodium acetate substitution along the thiophene backbone in HS-129 and HS-136 also influenced the emission profiles when bound to aggregated Aβ- and tau morphotypes. It was impossible to collect reliable spectra from tau aggregates in the young mice, hence a comparison between the age-related tau morphotypes could not be assessed by HS-129. However, when analyzing the emission profiles from HS-129 bound to the age-related Aβ morphotypes it was evident that HS-129 could be utilized, to some extent, to distinguish between these aggregated species (Figure [5 C](#fig05){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}). Similar to HS-68, the emission profile of HS-129 was redshifted for the old-mice samples, but the difference between the mean values of the samples was not as striking as for HS-68. The emission spectra of HS-136 was very well resolved and extremely blueshifted compared to the other LCOs (Supporting Information, [Figure S4](#SD1){ref-type="supplementary-material"} D). In addition, with HS-136 the difference between the mean values for both the Aβ- and tau aggregated morphotypes was greatly reduced relative to the values obtained with HS-68 (Figure [5 D](#fig05){ref-type="fig"}, Table [1](#tbl1){ref-type="table"}). All the LCOs were also tested for tissue sections from an additional pair of APPS1 mice (245 and 457 d) and the statistical analysis of the spectral difference between the aggregated Aβ morphotypes resembled the results obtained from the first pair of mice (Supporting Information, [Table S1](#SD1){ref-type="supplementary-material"}).

Taken together, the results from the spectral characterization of the HS-68 analogues bound to the age-related aggregated morphotypes of Aβ and tau clearly showed that the chemical design of the tetrameric LCO greatly influenced the dye's performance as a fluorescent amyloid ligand. First, relocating the sodium acetate moiety on the second thiophene ring from position three to four, generated LCO HS-145, which had a greatly reduced ability to distinguish Aβ- or tau morphotypes. Remarkably, HS-145 displayed pH-dependent optical transitions that were almost identical to those of HS-68, which confirmed that HS-145 can adopt conformational states that render emission at *λ*=485 or 573 nm. However, the pronounced redshifted emission was not observed from the dye bound to the Aβ- or tau morphotypes present in young mice. Thus, moving the sodium acetate group by just one position abolished the conformational rearrangement of the thiophene backbone observed for HS-68 when bound to these aggregated morphotypes, which confirmed that the anionic substituents must be positioned in a chemically defined fashion to achieve sensitive spectral separation. Second, replacing the terminal carboxyl groups on the thiophene backbone with sodium acetate moieties also reduced the spectral separation of both aggregated morphotypes. This implied that having terminal carboxyl groups at an exact distance relative to the central sodium acetate side chain is also essential to achieve a tetrameric LCO that can spectrally distinguish Aβ- and tau morphotypes. Third, addition of a sodium acetate substituent on the third thiophene ring of the HS-68 scaffold diminished the spectral separation of the aggregated morphotypes, and weakened the staining of some aggregated species. Furthermore, the dramatic blueshift observed for HS-136 bound to the deposits indicates a more twisted and rigid conformation of this dye than of the other LCOs. HS-136 also demonstrated less spectral variation for the Aβ morphotypes than observed with HS-129, which verified that the minor structural difference (the central sodium acetate moieties in a head-to-head (HS-136) or head-to-tail (HS-129) configuration) was reflected in the emission profiles from these dyes bound to the aggregated species. Altogether, our results demonstrate a clear structure--activity relationship between the spacing of anionic substituents along the thiophene backbone and the capacity of the ligand to distinguish aggregated Aβ- and tau morphotypes.

The list of proteins and peptides reported to form different types, or strains, of aggregates is growing, and studies on patient material have indicated that the variation of aggregated morphotypes might explain the heterogeneity of AD and PD phenotypes.\[[@b12], [@b17]\] As a consequence, it has been suggested that therapeutic agents need to be tailored for each patient to combat the specific strain type, and the development of sensitive methods for detection and characterization of distinct aggregate morphotypes is essential. Hence, our finding that the spacing of anionic side chains along the thiophene backbone is an essential chemical determinant for achieving thiophene-based ligands that distinguish polymorphic aggregates of Aβ or tau is of great interest because the majority of amyloid ligands are based on hydrophobic molecular scaffolds that lack charged substituents.\[[@b4]\] Conventional amyloid ligands are mainly utilized for the assessment of protein aggregates in general; however, the introduction and optimization of novel molecular scaffolds has resulted in probes that can distinguish between Aβ- and tau aggregates, the two major pathological hallmarks of AD.\[[@b26]--[@b29], [@b38], [@b39]\] Recent studies\[[@b26], [@b28], [@b29]\] have shown that distinct positioning of anionic charges along the conjugated thiophene backbone is a crucial factor to obtain LCOs that can be utilized for the spectral separation of protein deposits comprised of different proteins. In addition, it has been shown that the birefringent properties of Congo red bound to HET-S prion fibrils can be altered by disrupting the interactions between the two sulfonate groups in Congo red and the positively charged side chains on the surface of the fibril.\[[@b40]\] Thus, electrostatic interactions between the ligand and the fibrils are essential determinants for the optical performance of amyloid ligands. From a chemical perspective, the design of ligands with a distinct arrangement of chemical groups that form complementary electrostatic interactions with the protein aggregates might be crucial to obtain ligands for distinct aggregated morphotypes.

Conclusion
==========

The tetrameric LCO HS-68 was identified as an optical ligand for revealing age-dependent polymorphism of Aβ- or tau aggregates. The superior functionality of the dye compared with structurally related compounds was assigned to distinct spacing between the anionic groups along the conjugated backbone. We foresee that our findings will aid the chemical design of ligands that could be utilized for exploring aggregated morphotypes that might underlie the heterogenic phenotypes observed for neurodegenerative protein-aggregation disorders. Such ligands will also be vital for evaluating novel therapeutic strategies for these diseases.

Experimental Section
====================

Full experimental details, including additional characterization data and NMR spectra of new compounds are given in the Supporting Information. All animal experiments were performed in accordance with the UK Animal (Scientific Procedures) Act 1986 for the welfare of laboratory animals (United Kingdom) or the veterinary office regulations of Baden-Württemberg (Germany) and were approved by the Medical Research Council local animal welfare and ethical review board (United Kingdom) or the local Animal Care and Use Committees (Germany).
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[^1]: Supporting information for this article is available on the WWW under <http://dx.doi.org/10.1002/chem.201500556>. This contains full experimental details, including additional characterization data and NMR spectra of new compounds.
